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A STMPIIFIED METHOD FOR ASSESSING THE EFFECT OF STEADY
ROLLING ON ANGIE OF ATTACK AND SIDESIIP

By Stanley F. Schmidt, Norman R. Bergrun,
Robert B. Merrick, and Howard F. Matthews

SUMMARY

Presented herein is a simple method for analyzing the effects of
inertis and aerodynamic cross-coupling on the response of airplenes in
rolling maneuvers., The method is based on the concept that veriations
in the calculated steady-state angle of attack and sideslip wilith roll
rate give a measure of the onset and degree of roll coupling. Compari-
sons are made with the results from five-degree-of-freedom analog-computer
studies of unaugmented and sugmented asirplanes, and it is shown that the
method is useful in predicting trends but does not predict magnitudes with
sufficient accuracy for loads anslysis. Limited flight data are included
also to demonstrate the use of the steady-state method in indiecating
unsatisfactory regions of flight., In addition, the method is shown to
be useful in predicting the magnitude of the alleron deflection where
serious roll coupling will occur.

INTRODUCTION

Recently, & mumber of high-speed airplanes have experienced large
excursions in angle of stitack and sideslip during a rolling maneuver
(refs. 1 and 2) which have been attributed to inertia coupling. The
possibility of such an occurrence was predicted in 1948 by Phillips in
reference 3, whereln he showed that in a steady roll a divergence in yaw
and piteh will occur when the rolling frequency approximately equals the
uncoupled yawing or pitching natural frequencies. Although Phillips
correctly defined the fundamentals of the inertis-coupling phencmenon,
the development of a more comprehensive but still simple method for the
prediction of serious roll-coupling effects was considered desirable,

The purpose of this paper is to present such a method, referred to
as the "steady-state method." This method is based on the concept that
the variation of the steady-state angle of attack, sideslip, and other
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quantlities of interest for various steady rolling velocltles glves a
measure of the onset and degree of roll coupling. The main substance of
this paper, then, includes the derivation of formulas for the steady-
state angle of attack, sideslip, etc., from the equations of motion, and
an evaluation of this concept by means of a comparison of the steady-
state results with analog-camputer and f£light data.

Prior to the completion of this study, it had come to the authors!?
attention that others (refs. 4, 5, and 6} had also considered the steady-
state approach. However, it is believed that this study treats the prob-
lem more extensively and from a somewhat different point of view and _
therefore should be & useful addition tO the expanding literature on the
subject. ’

NOTATION

The analysis made In this report employs a system of body axes. The
axls system is shown in figure 1. All angles are in raediens unless other-
wise noted., A dot above a symbol represents the first derivative with

respect to time,

b wing span, ft
Cy lateral-force coefficient, lateial force
=pV=5
29
Cop, vertical-force coefficlent, XEEE%%?iTEQEQQ
3PV "
Cy rolling-moment coefficient, roll;ng moment
=pVZ8b
2
Cm pltching-moment coefficient, Bitc%?ng moment
—pVZSE
2
Cn yawing-moment coefficient, LooilE moment

é]:pVESb

mean gerodynamic chord, ft

ol

D differential operator, é%
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£, cyclic frequency in pitch and yaw, respectively, during rolling

(s
B motion, cps
g acceleration due to gravity, ft/sec®
G, ,G, elevator and rudder servo gains, radians/volt
by altitude, ft
I7-T
I, ﬁ: X, dimensionless
Y
Ixz
I, ——, dimensionless
Iy
I-T
Is ke X, dimensionless
Iz
T
I, X2 3imensionless
Iz
I,-T
Is —ZL—X, dimensionless
x
T
I —KZ, dimensionless
e Iy
3
Ix v R A LA
Ty = € dimensionless alus - AL s
S ——— Y . - -
IXe“’e .
In , dimensionless

Iz

It Iy,1g moment of inertia in roll, pitch, and yaw, respectively,
referred to body axis, slug-ft2

Ixz ~_ product of inertia referred to body axes, slug-_ft2

IX polar mament of inertia of jet engine rotating member, slug-ft2
e

) R -
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mess of alrplene, slugs
Mach number : : e

rolling, pitching, and yawing velocities, respectilvely,
radians/sec

steady rolling velocity, radians/sec
roll subsidence root, dimensionless

wing area, sq ft ’ _ S
time, sec

incremental time interval, sec

free-stream velocity, ft/sec
voltage proportional to subscript quantity

angle of attack
angle of sideslip

total aileron deflection, positive for tralling edge of right
aileron down '

horizontal stabllizer deflection, positive for trailing edge
down .

horizontal stebllizer deflection above that required for trim

rudder deflection, positive for left rudder
declination of principal axis below body axis

damping ratio in pitch and yaw, respectively, during rolling
motion unless otherwise noted, dimensionless

angle of pitch of longitudinal body axis
alr density, slugs/cu ft

angle of roll S T T . T
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&9 incremental angle of roll
We angular velocity of Jet engine rotating member, radians/sec;
positive rotation is clockwise when viewed from tail of
alrcraft
Subscripts
av average
a8s steady state
crit critical
c
CygrCngs| 3oy 3, 3y he
aB, aB’a&-_E, ¢ - 2 .
% 2v
Derivatives

Yg,Y,Yr,Yp

Mq,,MB:M:

Mit ’ M&,:Mq_

NB ’N’NSI.’ -

Ng,Np, g

iy .E, r#
For oo oy Cno¥n Lo s oy B Oy 3) = S

ovs b 3)

om \CYp’ CYaaBa’cherr’ “rr 39 Cvp T

ovS (c C, +C i> A T T e

4 « £ .

20 \"2aq’ Zo 21, Aoy Sl
£t

g -'Qt )

v f(’ bl B

pV3seE ry ZH

¥

dee,

oV=Sb ( b b b
8 85... C Cp. —, Cn — =

2IZ CnB: Cnaa a+cn5r i) nar: nB oy’ Oy oy’ D BV
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pVa5Db b b
Lg,L,Lyp,Lp o7y CIB, czaasamzsrﬁr, C1. By c?‘p 5y

where Y,Z,L,M, and N are total forces or moments at the start of the
rolling maneuver.

THE STEADY-STATE METHCOD

Illustraeted in figure 2 is a typlcal aircraft angle of attack versus
sideslip analog-computer record for an applied constant aileron deflection
with rudder snd horizontal stebilizer held fixed at thelr initial trim
velues. In this instance, the aircraft started 1ts rolling motion from
initiel trim conditions of 4° angle of attack and zerc sideslip and when
allowed to roll indefinitely tended to stabllize around a new steady-stete
condition, denoted in the figure by agg snd Bgge It is the variation of
these and other pertinent steady-state values for various constant roll
rates and the interpretation thereof that is the basis of the steady-state
method which follows. -

Derivation of the Steady-Stete Formulsas

For this analysis a constant forward velocliy and a constant altitude
are assumed, The equations of motion used are the five-degree-of-freedom
rigid-body equations. The flve equations are:

B+r-pa = YgB+Yrr+¥pp+Y, cos 6 ain o+Y (1)
&-q+pB = ZoaAZgCO8 6 cOs Q+Z , _ (2}
§-Tpr+Io(p%-1%)4Iyr = MaMgdtM, q+MyBeM (3
P4I5pq+Te (-Bar)-Ina = NpB+Ngf+Npr+Npp+N (&)
D+Igar-Ig(+pq) = LgB+lpp+lpr+l = ' ' (5)

There are several different methods® for solving these equations to
obtain the steady-state values for a constant roll rate (p = pQ) and fixed

IAnother method 1s to transform equations (l) to (4) directly to
algebraic equations by setting ¢ =% =& =f§ = 0 and p = p,.
However, this procedure results in an equation which %s of greater than
the first degree in the particular quantity desired. TFor example, agg
must be obtained from a cubic algebraic equation of which only one root
is of practical significance,

e
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controls., A convenient one, which has the advantage of yilelding formulas
(in the absence of nonlinear aerodynamic derivatives) that can be used in
some instances to easily predict effects of parameter changes, is to
linearize equations (1) to (4) by asssuming:

P = Py = & constant

L‘/1p at =\p0t
2

2
r® <«
PO

9

I, 9 < By
e = 0%

The resulting four linesr differential equations then can be solved by
standard operstional techniques to give:

(D4+a3D3+a2D2+a1D+ao)m

b0¥blngin pot+b2chos pot

(D*+8,D%+8_D?+a_D+ay)B = cgte, Ysin pot+e Y cos pyt
where the a's, b's, and c's are constants and combinations of inertia
and aerodynemic parameters and the rolling veloeity, pg. If these fourth-
order differential equations are stable and the initial conditions are
lmown, the time solution® for « and 8 will be of the form

a(t) =.39 + (decaying + (sinusoidal oscillations
a transients) due to gravity term Zg)

B(t) = Eg_+ (decaying . (sinusoidal oscillations
: 8 transients) due to gravity term Yg)

or the steady state is

bo

Cas ='E; ’ (6)
c

Bss = ';‘Z R : (7)

2In reference T Sternfield has derived expressions of an epproximate
time solution for o and B " assuming a constant roll rate.
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The complete expressions for the constants agy, by, and ¢; may be found

in Appendix A. The divergent boundary is given by 8o = 0. With appro-
priate simplifications to the terms of ag, this equation can be reduced =
to that given by Phillips in reference 3. .

To demcnstrate certain.points in subsequent portiocns of this report,
it 1s convenient to omlt the minor parameters Y, YB, Yp, Yp, Z, Np, and

in the expressions for a,, by, and cy. The equations for agg and
Bgg then reduce to: ' I i R

i (Ipo M)(Ispo “InpoNg) -NMgpo (8)

88
(1,002 -IMp0+Ma) (Tabo2 ~IyPor NB)+Mq_ Po +qu

(Izpo ‘M)[(Iszm+Nr)Po INZm]+N[IlPo ’IMP0+(Md‘MgZa)] : _
BSS =T - - P, (9)., o g ———

(I 1Po ‘IMPO"'MG,)(ISPO INPO N )+MquPo +Mq_Za.N

Although agg and Bgg &re perhaps the most lmporteant of the steady- e
state quantities, three other useful relationships can be derived from ’
equations (1), (2), and (5). These are, respectively: , , I

poaBS+YBBSS+YppO+Y
88 l"Yr

s = PoPggZe%ss™2 : - : : -

8 = - - (10) :

Character of Results

As noted, the equations for the quantities of interest are algebraic
equations which are functions of aerodynamic and inertia parameters and -
the rolling velocity p,. With known values of the paremeters it is

&, v
B
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y *
possible to assume various values of p, and compute the corresponding
megnitudes of ag,, Bss: ete., An lteration procedure must be used if

Cn8 is not zero or if the other aserodynamic derivatives are functions
a
of a or B. An illustrative example of the type of informstion which is

obtained from such camputations is given in figure 3. In figure 3(a) are
shown three areas of rolling veloclty and the basic factors which govern
the magnitudes of agg and Bgg in these regioms. Of the three, the
intermediate range of rolling velocity will be of most interest, since

1t is here that the largest changes in agg and Bgg occur. As previously
mentioned, it is postulated that these changes in magnitude from trim con-
ditions determine the degree of inertias coupling encountered by an aircraft
doing aileron rolls with fixed rudder and stabilizer.

Also shown in figure 3(b) are the two distinetly different types of
Do Versus Bagg Plots which can be obtained and which depend primarily on
whether favorable or unfavorable yaw occurs. These plots are of impor-
tance since they indicate the magnitude of steady rolling velocity the
aircraft can achieve. Some interesting points on roll stability will be
covered in & subsequent portion of this paper.

EVATLUATION OF THE STEADY-STATE CONCEPT

To evaluate the method, the steady-state solutions were compared with
the results of anslog-computer studies and with flight data. Although
these comparisons showed that it was not possible to predict the pesak
magnitudes of the trensient o and B with sufficient accuracy for loads
analysis, the steady-state solution 4id correctly indicate the onset and
severity of roll coupling. A few selected exemples follow to illustrate
the degree of compsrison and the usefulness of the steady-state concept.

The characteristics of the F-100A and the F-102A airplanes were used
in the calculaetions and & summary of thelr mass, geametric, and aerodynemic
properties is given in tebles I and II. However, unless otherwise noted,
the basic characteristics of the large-tail F-100A airplane at M = O.7

and 30,000 feet with Cns = 0 were used in the following comparisons and
a

will be identified in the text as the "example aircraft.” The steady-state
a and B were camputed from the complete equations (6) and (7) unless
otherwise noted.

Comperison of the Steady-State With Analog-Computer Results

Throughout this section of the reporit, five-degree-of-freedom (ﬁ =0)
analog-computer results are presented for approximate 360° aileron rolls.

S )
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These 360° rolls are made with pilot applied fixed elevator (or stabilizer) o
and no rudder input during the roll. In figure 4 are shown typical records -
for such a roll wlth the maximum excurslions and average roll rate indi- .
cated. On subsequent figures the maximum excursions in sideslip and in

angle of attack plus the trim o« are used for the comparison with the

results of the steady-state method.

Reletionship of pitching and yawing frequencies.- References 3, 8,
and others have shown that it 1s desirable to have the pltching and yawing
frequencies of the aircraft equal or close to each other, This concluslion
is drawn from e study of the equation defining the dlvergent boundariles,
&g = 0, as follows:

Conslder the denominator ag of the simplified expression for ogg
or Bgg (eq. (8) or (9)),

+ +
+ o F . + (-‘““E\ —
(I196° ~IMPotMy) (IaPo ~IyPo- p)+ MgNppo™ + MyZaHg (11)
Now when the normsl signs shown above the parameters are examined, it is S

seen that 8, will always remain posltive (and therefore stable) 1f the -
bracketted terms reverse sign at the same rolling veloclty. The rela-

tionship of the parameters which are necessary for this reversal is seen

-to 'be: . . . . - - R - - . —

L_Tw_ M )
I, Iy -Ng
or
IZ-IX IXe“’e > (12 )
Iy | Iy M
IY‘IX Ixewe ‘NB
I, Iy, J

The only manner in which the above relationship can be realized is for

= IZ and M, = -Ng, the latter being the equality between the square
of the pitching natural frequency and the square of the yawing natural
frequency. Since I, is always larger then Iy, the foregolng rela-
tionship can be spproeched but not exactly achieved.

ool

-
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For later use, the rates of roll at which either of the bracketted
terms in equation (11) become zero are defined as critical rolling veloc-

ities. They are:
2
IMi.’IM WM T, o Ixwe

. = = - + l
It /IN2+)+NBIS Ix we )
p = - - o
critB 21, E(Iy'IX)

Anslysis has indicated that when the vertical tail size (i.e., CnB)

of an alrplane is proportioned so as to approximate the best relationship
between M, and Ng (eq. (12)), excursions in o and B sare alleviated con-
siderably. Since these results also agree with flight experience, it is
therefore of interest to examine the effect of arbitrary veriastions in
natural frequency parsmeters M, and N on the steady-state excursions
in o and B, and to compare them with analog-camputer results. Figure 5
is presented for discussing the trends which may be expected. Three
curves have been calculsted for both agg and Bgg using constants and
derivatives of the exemple aircraft, except as noted, starting from
trimmed level flight. One curve, shown by the solid line, is for the
best value of Nﬁ defined by equation (12) corresponding to the existing
value of M, for the airplane. For this case, NB = -0.75 M, and the
corresponding value of ¢ is about 15 percent larger than the value
tabulated in table T for the large-tail airplane. When NB is reduced
below the best value relative to My, o and B excursions are increased.
In fact, if NB is sufficiently small, instabllity occurs, as can be
seen from the dashed curve in figure 5. The dashed curve, identified as
NB being equal to 3/10 of the best value relative to My, can be asso-

clated with the small-tailed F~100A airplane at the same flight condition.
The remaining curve does not represent a particulsr configuration of the
F-100A airplane, but is included to show the effect of increasing N

and M, by a factor of 3, at the same time retaining the best relation-
ship between these quantities. Also indicsasted on the figure for the
so0lid and dashéd curves are the critical roll rates obtained from equa-
tions (13) and (14). The ¢ritical roll rates for the dash-dot curve are

out of the range shown.
SN +
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The data of figure 5 clearly show that large roll coupling can occur
when the best relationship formula between NB and M, 1is not observed as
well as the beneficial effects of 1ncreasing both the natural frequencies
in yaw and pitch. ... : : et

In figure 6, the three curves of figure 5 are compared with results
from five-degree-of-freedom anslog-computer solutions. The comparison is
made in figure 6(a) for the case of Ny having the best value with respect

to My; in figure 6(bd) for Ng = 0.3 of the best value; and in figure 6(c)
for a threefold increase in both NB end M, while the best-value relation-

ship 1s retained. In each of figures 6(a), 6(b), and 6(c), three curves
are shown. The.solid line is the calculated steady state, the dashed line
is the maximum transient excursion for a 360° roll occurring during the
departure from trim, and the dash-dot line is the maximum transient excur-
sion during the return to trim. With the single exception of PBgg; megni-
tudes &t high roll rates (-167° to -195° per second) for the case of

Ng= -0.3 Mo (Ig/I;) in figure 6(b), the magnitudes of the maximum o and B

transients during the departure from trim follow the trends predicted by
the steady-state equations; those during the return to trim, of course,
have no steady-state counterpart. It is apparent, however, thht at roll
rates less then the lower of the two critical roll rates these transients
appear to deviate from the steady-state curve by roughly the same amount

a8 the departure transients, but in an opposite sense. Above this criti-
cal roll rate, the return transients follow no obvicus pettern with respect
to the steady-state values. Thus the trends of the maximum angle of attack
and sideslip as affected by roll rate are correctly gilven by the steady-
state method, but the predictlon of the magnitudes of these quantities wilth
sufficient accuracy for loads anslysis is not possible.

In figure 6(b) (and socme subsequent figures) is noted a region in
which the airplane comtinued to roll even though the aileron deflection
was reduced to zero. This phencmenon is associated with favorable yaw
and possibly could be avolded 1f the aileron were completely reversed
rather than returned to neutral.

Effects of initlial angle of attack and elevator deflection.- Previous
studies (ref. 8) have shown that the initisl angle of attack at the omset
of rolling and inadvertent elevator inputs during a roll can have a large
influence on the magnitude of the o and 8 excursions during a rolling
maneuver. It is known further that the excursions will be near a minimum
if the initial angle of attack is such that the principal axis and flight
path are sligned. These effects can be demonstrated also by the use of
the steady-state method in the followlng manner.

In figure T are plotted the agg and Bgg for initial angles of attack
of -ho, +1° , and +6° for the example aircraft which correspond to initlal
angles between the principal axis and the flight path of 50 O°, and +5°
respectively., As can be noted from the figure, large deviations in ogg

Mg
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and Bgg Occur in the region of -80° to -lSOo_per second roll rate for the
two cases where the principal sasxis and flight path are not aligned. Also
of interest is the reverssl of agg for roll rates greater than -120° per
second, Since the amount of elevator deflection 1s directly associated
with the initial angle of attack, this change would appear to a pilot roll-
ing in this region as a control reversal. The large difference in the
extremes of aggy 8lso indicates that the elevator control will be sensi-
tive in this region. 8Such characteristics have been observed in flight.

Figures 8(a), 8(b), and 8(c) have been prepared to show the comparison
between the steady-state values and the analog-computer results. As is
seen from these data, the steady-state method is useful in predicting the
effects of changes in initial angle of attack.

As an interesting sidelight, the fact that the minimum change in
agg Occurs when the principal axis and flight path are nearly aligned
can be shown easily from the simplified steady-state equation for agg
ag follows:

If the damping and engine inertia terms are neglected, the equation

for agg becomes
I
I_p 2-M (}—]i IXZ P02-1>
2Po M 04

Cgg = 2 =T
I,po My Mo ( 1 Iy o 2-1)
My Iy 7°

When p, = O in this equation, agg = &y = M/-My. In order then

to maintain agg = M/—Md invariant with roll velocity the terms within
the parentheses must be equal, or

_]: E&Z- P 2— = _]-— IZ-IX P 2..1
M Iy ° Mo Iy o
This equality reduces to
M _Txz o
My Ip-Ix

Since by definition IXZ/(IZ-IX) is the declination of the prinecipal
sxis below the body axis, €, the above equation meens that if the angle
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of attack of the principal axis is zero, no deviation In oagg with pg
will occur. This conclusion, of course, is modified slightly if all the ..
terms affecting agzyg are considered.

Augmentation devlices.- The use of asugmenters to reduce the roll-
coupling tendencies of an ailrcraft has received considersble attention
recently (refs. 9 and 10). The purpose here is to demonstrate that the
steady-state method provides a means of estimating the effectiveness of

an augmenter and the magnitude of the control required Two devices
have been selected for study; one, the artificial damper in yaw or pltch,
and the other, a pq plus a pr feedback which tends to cancel certain
important inertia-coupling terms in the yawing and pitching equations of
motion, respectively. A simplified block diagrem of their mechanization
for study of five-degree-of-freedom simulation is shown in figure 9.

Artificisl dampers: Some analog-camputer studles (ref. 8) have
indicated that an incregse in pitch damping is more effectlive than an
equivalent increase in yaw damping in reducing inertia coupling in a
rolling maneuver. A scrutiny of the simplified steady-state equations
for agg and Bgg shows that this conclusion should always be true in
the absence of yawing moments spplied by the aileron or rudder (N 0).
For example, incresges in pitch and yaw damping by artificial means may
be approximated in the steady-state equations by increasing the parameters
My and Ny, respectively. Referring to equations (8) and (9] and letting
N be zero, one sees that Mq occurs twilice and only in the denominator,
whereas Ny occurs but once in both denominators and in the numerator of
Bgg- ©Since increases in MQ or N, increase the dencminator or numerators
if the aircraft has not exceeded the divergent boundary it is apparent
that increased M (pitch damping) will be more effective than N, (yaw
demping) in reducing either Bgg Or agg. This anomaly is conflrmed by
the data shown in figure 10, on which have been plotted agg and Bgg Ifor
the normal exsmple aircraft and for separate incresses in the damping in
pitch and yaw. The increases in the dampling ratios noted were camputed
from two-degree-of-freedaom analyses in pitech and in yaw at zero roll rate
and the changes in magnitude were made by appropriate increases in
and Np (AMQ, in the steady-state equatlons. Alsc shown in the figure
are the steady—state rudder and stabilizer deflections necessary for the
augmentation as obtalned from the following equations:

ss Ay, = Mi, lss

The large difference in the deflections of the contrel surfaces is due
primarily to the differences in the control effectiveness. To 1llustrate
that the steady-state method will indicate the effect of artificial dempers

S
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on roll coupling, figures 11(a), 11(b), and 11(c) have been prepared.
The data in these figures show & good correspondence, trendwise, between
the steady-state and anaslog-computer results. For the analog simulstion
the feedback loops C and D of figure G were used, with the gains G, and
G, adjusted to give the required damping ratios.

The pg,pr augmenter: It has been shown that an aircraft experiences
small roll-coupling effects if it rolls at rates well below the critical
roll velocities defined in equetions (13} and (14k). One means then of
reducing such effects is to increase the critical roll rates by the use
of an sugmenter. As can be seen from the equations defining these criti-
cal rates, they may be iIncreased in the 1limit to infinity by canceling,
with pr and pq feedback, the inertia-coupling terms -I.pr and Izpg
in the pitching and yawing equations of motion, respectively (see refs. -9
and 10 for previous studies on this type augmenter). Figure 12 illustrates
the effect of this cancellation on certain steady-state quantities. The
steady-state rudder and horizontal stabilizer deflections necessary for the
augmentation were computed from the formulas

<IZ—I~X (IY'IX>
Iz
Aitss 1. PoTss Asrss = Ng DPolgs
r

As can be seen from the data in the figure, the pg,pr feedbeck device
results in a significaent decrease in agg and Bgg, but the BrSS neces-

sary to achieve these improvements is large. In an effort to reduce the
Srss and still retain the desired small variation of ogg and Bgg with

Po> artificial damping was added with the favorable results shown in
figure 13. '

Figure 9, loops A and B, illustrates the method of simulating the
pg,pr device on the analog computer. In & practical case the products
of 7pr and pq can be obtained by driving the primaries of two transducers
on the roll rate gyro with amplified signals from the yaw and pitch rate
gyros. For the analog simulation the gains G, and G, were adjusted to
give exact cancellation of the inertia-coupling terms when the dynamics
of the servo were neglected. Filgure 14 shows the comparison of the steady-
state and the five-degree-of-freedom analog-camputer solutions for the two
types of augmenters. In general, the dats in figure 14 along with that of
figure 11(a) show that the steady-state method can be used in a qualitative
menner to assess the roll-coupling effects of these special types of
stability augmenters.
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Abllity of the ailerons to create rojling velocity.- Since roll rate
has been recognized as a fundamental parameter in the inertia-coupllng
phencamencon, the foregoing evaluation of the steady-state method has been
predicated on a comparison of the calculated steady-state o and B as a
function of roll rate with solutions from the five-degree-af-freedom
analog simulation. However, it is of importance also in the evaluation
to determine the degree to which the steady-state approach can estimate
the abllity of the ailleron to create rliling velocity. In figure 15 arxe
shown such rolling performence data. The corresponding comparlsons of
@ and B have been given in figure 11(a).

The data shown in figure 15 are interesting for several reasons.
First, the steady-state solution is seen to have a lower and an upper
statically stable branch (solid lines) comnected by a statically unstable
branch (dash line). Second, is the close correlation in magnitude between
the analog-computer results and those of the lower steady-state branch up
to about 17° control deflection and the good sgreement in trend with the
upper stable steady-state branch above 30Q° aileron deflection. Plotted
also in the figure is the straight line of the single degree of freedom
relationship between "p, and S fgg The difference between the straight-

line and the steady-state solution 1is due primarily to rolling moments
induced by sideslip.

During the coursge_of obtaining the analog-computer data, some runs
were made for rolls greater than 360°., These data matched the steady-~
state lower branch closely up to a 38 of about 250 at which point a
Jump in roll rate occurred so that for larger comtrol deflections the
steady-state upper branch was followed. Some uhderstanding of the réasch’
for this discontinuity in the roll rate was obtained by coneidering small
perturbations about the steady-state values and solving for the chdracter-
istic modes of the five equations of motion. The method of reference 6
was used but only the most important derivatives and lnertia terms were
retained for these small-perturbation computations (I, I, Ig, Yg, ¥p,

Yo, Ms» MB NB’ P’ and Lr were set equal to zero). The results are

given in figure 16 for the lower ‘statically” ‘stable | steady-state branch.
These data show that the yaw or dutech roll mode ‘becomes dynamically
unstable at 27° contral deflection. Whether this good agreement between
the perturbation analysis and the analog-computer results will occur for
different aerodynamic derivatives is not known, as transient effects are
important in determining the critical aileron deflection. '

Since it has been noted by others that the derlvative Cn5 has
a

some influence on the roll-coupling problem, the steady-state solutioms
were computed to 1llustrate the effect of a change in this derivative at
both a subsonic and a supersonic speed. These results are given in fig-
ure 17 and show that s favorable yawlng moment due to control deflection
tends to add favorable yaw (or reduce unfavorable yaw) for the lower
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branch at either Mach number and so incresse the roll rate for a given
aileron deflection. This effect is so pronounced at the supersonic

speed that the steady-stete solution becomes statically unsteble at a
roll rate of -190° per second with a moderate amount of favorable yawing
moment, The stabllity in this instance was checked also by the pertur-
bation technigque at roll rates of -190° and -210° per second. The results
of these computations are noted in figure 17 and show that at the lower
roll rate the roll subsidence root is convergent but at -210° per second
1t is divergent.

The usefulness of the steady-state method end the perturbation
technique for determining the ability of the aileron to create rolling
velocity is that it offers a means of assessing the areas of aileron
deflection (or roll rate) where serious roll coupling occurs., Thus, it
offers a way of judging where to limit the control deflection (or roll
rate) if this means is used to avoid roll-coupling difficulties.

Comparison of Steady-State Solution With Pilot Opinion

The main objective of the steady-state spproach is to provide a
simple qualitative method whereby in preliminary design one can quickly
assess the onset and degree of roll-coupling effects for any selected
flight condition. The method would be of questionable value, however,
if its results were in conflict with pllot opinion regarding actual air-
plane performance., Some unpublished pilot-opinion data have been obtained
from the NACA High-Speed Flight Station at Edwards Air Force Base,
California. These data, which are for 360° rudder-fixed aileron rolls,
are compared with steady-state solutions in figure 18. Three categories
of pilot acceptebility are shown: intolerable (fig. 18(a)); good
(fig. 18(b)); and marginal (fig. 18(ec)).

In the "intolereble" plot (fig. 18(a)) are the F-1024 airplane at
one flight condition (curve A} and the F-100A small-taeill airplane at two
flight conditions (curves B and C). These "intolerable" experiences are
all characterized by having excessively large calculated steady-state B8
excursions over a sizable roll-rate region attainable by the airplane.
The good flight experience (fig. 18(b)) have been with the large-tail
F-100A airplene at two high-speed flight conditions (M = 1.20 and 1.26),
and are shown by curves D and E in the figure. These good experiences
are characterized by small steady-state excursions in the roll-rate region
attainable. The short vertical lines intersecting the calculated steady-
state curves designate the average roll rate experienced during the par-
ticular flight test. For the two conditions shown, these roll rates are
well below the critical rolling frequency. The marginal experiences
(fig. 18(c)) have been with the large-tail F-100A airplane at three sub-
sonic flight conditions (M = 0.70 and 0.93 and sltitudes of 30,000
and 40,000 feet). Here, the excursions are relatively large (curves F
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and G), but these dc not cover a broad range of roll rates in the roll-rate
region attainsble by the alrplane., It should be noted that for curve G,
the roll rate experienced wss above the critical. For the flight condition
at M = 0.93 at 40,000 feet (curve H), the maximum roll rate experienced
during the maneuver was on the border of the eritical roll-rate region.

For this condition, the pilot was shle to detect an impending undesirable
condition and so evaluated the flight experience as marglnal,

In summary, one can conclude that pilot opinion is conslstent wilth
the steady-state concept in these Important respects; all dlvergent con-
ditions given by steady-state calculations and within the rolling capa-
bilities of the aireraft have been recognized as unascceptable by the
pilote; all. good conditions have been those experienced at high speeds
where the critical rolling frequencies are high, and at roll rsates which
have been apprecisbly below these critical frequencies. All marginally
acceptable conditions have been those in which roll rate elther has

remained Just below the critlcal reglme or has passed unobtrusively
through it.

These marginal cases could very well become unscceptable for roll
meneuvers initiated from initlal conditions other than those shown, since
the sircraft is rolling at rates in the critical region where initial
angle of attack, inadvertent elevator motloms, and other effects can
cause an appreciable change in the magnitude of the actual excursion
from trim,

CONCLUSIONS

An analytical method has been developed herein for use 1n analyzing
the roll-coupling phenomenon. This method is based on the concept that
variations in the calculated steady—state angle of attack and sideslip
with roll rate give a measure of the omset and degree of roll coupling.
Trom the results of compsrisons of the steady-state values wilth those
from five-degree-of-freedom analog-computer studies and from limited
flight data the following conclusions are drawn:

1. The trends of the maximum angles of attack and sideslip as
affected by roll rate are correctly given by the steady-state method,
but the prediction of_the magnitudes of these quantities with sufficlent
accuracy for loads analysis is not possible.

2. An analysis of the steady-state equations provides an under-
gtanding of and a useful guide for determining the effects of various
aerodynamic and inertia parsmeters on roll coupling.

3. The method appears useful to define critical flight conditions
and to assess the merits of various stability augmenters devised to

minimize roll-coupling effectiiin - iL
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l, The method, because of the ease and rapidity with which
calculations can be made, gppears particularly promising for preliminary
design work in defining areas in which a compleie simulator study should
be undertaken.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., Nov. 7, 1956
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APPENDIX A

THE COMPIETE.CCEFFICIENTS OF THE STEADY-STATE

SOLUTION FOR agg AND Bgg

The constants &,, by, and ¢, of equations (6) and (7) are:

8o = I1Tapg +(IyTa-InT1) 00 +[ (1-Yr) IpMy-T 3N +MgNp+ Ty py+ T 1TaY % 106"+
[ (1-Yy) (TaMZe-TMo ) +IMNg ~Za¥ g (T 2Ty +IaTy) +Mghe J oo+

{[ ( 1-Yr)Ng+Nr¥p] (~MtMgZ, )+ Ty % [ TyyY g (l'YI‘)MB ]}

bo = [IoIs(1-Yp)-I1Ia¥plp *+[-ToIy(1-Yy)-I1Ia¥+¥p(T1Ig+IaTy) IP,°+
[(1-Y,) (-TaM-ToNg-MoNp) +¥ (T oTy+TaTy) +Yp (TaNg-TyTy-MgNp) +
¥ (~TaNp-1aNp-T1T52) 1pg +[ (1-Y;) (bEN-_-NMq-ISZTMB-NPMBHY(I 1Ng-IMIyN-MgNr)+
Yo (~IyNg-NpMg )+ (- TN+ 11 INZ+TsTpZ4T)glp ) 1R+ [ (1-Yy) (MNg-MgZNg+InMa2-

NMg ) +¥ (- IyNg-NpMg ) +¥ g (MN .- Mo ZNp =TIy Z+TyN) |

co = {[ IoTa(1-Yp)-T1Ia¥p 1Zq+I2(IaZ+Np) +12Nr} pos+{[ “IoIn(2-Yp)-I1Ta¥+
Yo (I1Iy+IaTy) 1Zg Ty IaZ+Np ) +1 1 (V-T2 )}p 02+[ (1-Yy) (-I3MZo+MoNp+IaMyZ-
MqZoNp ) +ZoX (T 1 Tp+IaIy) +¥p( -IMINZOL-MQNZ.ZQMI') - (MNp-MgZNp- Ty T 7+

T)V) 1o+ (1-Yy) (WMo ~MoZo N+ T MZ - Ty MZ) +¥ (= IyInZoMgNrZo Mo Ny ) |
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TABLE I.- SUMMARY OF PHYSICAL PROPERTIES AND DERIVATIVES
FOR THE F-100QA ATRPIANE
[A1]l derivatives not listed are taken ss zero]

Physical Properties

S| 11.33) Ix | 11,050|| Ixy | 508
b [ 36.58} Iy | 59,000 Ix we | 17,550
S|376.0 { Iy | 67,000 m TH5
Derivatives
M=0.64|M=0.7T0|M=0.93|M=1,20]{M=1.26
Czq, -3.89 -4 27 -4.87 -3.84 -3.84
Cmit --- -1.00 --- - .60 -
Cmg -3.60 -3.75 =5.55 -b.15 -k.15
Cmy, -.29 -.k2 -.81 -1.22 -.91
Cms, --- -1.25 --- -1.35 ---
Cayg 0 -.025 0 0 0
Crp -.16 -.30 -.29 -.19 -.19
CnB (large tail) -— .095 .109 .097 .086
Cng (small tail) .039 .03 - -—- -—-
Cng,, ——- . -.006 ——- -.0095 | ---
Cng., --- -.0315 | --- --- ---
Cyy 0 .17 0
Cyy .3k 0
Crg 0 - .62 0 0 0
Cip --- -.29 --- -.h06 -
Cip -—- .12 -—- .03 -—-
C1g at @ = 0 --- -.008 --- -.050 -—-
aczﬁ/am --- -.516 --- -.332 -=-
15, --- -, Ok -.038 ---
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TABLE II.- SUMMARY (OF PHYSICAL PROPERTIES AND DERIVATIVES
FOR THE F-102A ATRPIANE AT M = 0.75
[A11 derivatives not listed are taken as zero]

Physical Properties

€| 23.1f x| 13,600 Ixz 2310
b| 37.8{ Iy]| 89,400 Ix we | 17,550
S 661.5Jj Iy 99,600JL m 711

Derivatives

Cz,, | -2.81

Cmg | -1.20

Cm | -.258

Cn, | -.069

Cn13 . 065

g"—" i R
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|~
g5 ° Bssﬁf\ \
N2
4 )
3 - /
a, deg
2
|
0]
0 iy -2 -3 4 -5

B, deg

Figure 2.- Typlcal response of o and B to an applied alleron deflection;
gravity terms omitted.
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Figure 3.- Character of results of steady-state computations,
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Figure 6,- Comparison of steady-state results with five-degree-of--
freedom analog-computer results for different values of M,
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Figure 6.- Continued.
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Figure 8,- Comparison of steady-state results with five-degree-of-
freedom analog-computer results for the example alrcraft with
different alignments of principal and flight-path axes. '
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Figure 11.- Comparison of steady-state results with five-degree-of-freedom
snslog-computer results for the example aircraft with different amounts

of damping in pitch and yaw.
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